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Oligosaccharyl transferase (OT) catalyzes the trans-
fer of a lipid-linked oligosaccharide to the nascent
polypeptide emerging from the translocon. Currently,
there is no structural information on the membrane-
embedded OT complex, which consists of eight dif-
ferent polypeptidechains.We report a 12 A˚ resolution
cryo-electronmicroscopy structure of OT from yeast.
We mapped the locations of four essential OT sub-
units through a maltose-binding protein fusion strat-
egy. OT was found to have a large domain in the
lumenal side of endoplasmic reticulum where the ca-
talysis occurs. The lumenal domainmainly comprises
the catalytic Stt3p, the donor substrate-recognizing
Wbp1p, and the acceptor substrate-recognizing
Ost1p. A prominent groove was observed between
these subunits, and we propose that the nascent
polypeptide from the translocon threads through
this groovewhile being scannedby theOst1p subunit
for the presence of the glycosylation sequon.INTRODUCTION
N-glycosylation occurs in all eukaryotes and in a few prokaryotes.
In the bacterium Campylobacter jejuni, a single protein, PglB, is
capable of N-glycosylation at the periplasmic side of the inner
membrane, and N-glycosylation can occur independently of pro-
tein translocation (Kowarik et al., 2006). In eukaryotes, the process
is catalyzed by a large transmembrane protein complex called oli-
gosaccharyl transferase (OT) (Kelleher and Gilmore, 2006; Yan
and Lennarz, 2005). N-glycosylation is coupled to protein translo-
cation across the endoplasmic reticulum (ER) membrane (Chavan
and Lennarz, 2006), and it is known that OT is in direct contact with
the translocon (Menetret et al., 2005; Wang and Dobberstein,
1999). In the case of cotranslational glycosylation, OT is in contact
with the ribosome as well as the translocon. Thus, the addition of
the oligosaccharide to the polypeptide emerging from the translo-
con at the lumenal side occurs while the rest of the polypeptide is
still being synthesized by the ribosome in the cytosol (Menetret
et al., 2005; Mothes et al., 1994; Whitley et al., 1996).432 Structure 16, 432–440, March 2008 ª2008 Elsevier Ltd All rightsThe yeast OT contains nine integral membrane proteins,
namely Ost1p–Ost6p, Stt3p, Swp1p, and Wbp1p (Figure 1)
(Yan and Lennarz, 2005). Among these, five proteins (Ost1p,
Ost2p, Stt3p, Swp1p, and Wbp1p) are essential for cellular via-
bility, with Stt3p containing the catalytic site (Figure 1) (Nilsson
et al., 2003; Yan and Lennarz, 2002). The roles of the other sub-
units are not fully understood, but there is convincing evidence
indicating that Ost1p and Wbp1p recognize the acceptor and
donor substrates, respectively (Beatson and Ponting, 2004;
Pathak et al., 1995; Yan et al., 1999). There are a total of 30 pre-
dicted transmembrane helices (TMHs) in OT, with a calculated
protein mass of 250 kDa, without including the nine possible oli-
gosaccharide chains on Ost1p (four potential sites), Stt3p (three
potential sites), and Wbp1p (two potential sites) (Knauer and
Lehle, 1999), which would account for an additional 18 kDa
in mass, assuming that all sites are glycosylated (Figure 1); this
would bring the mass to 270 kDa.
To accomplish protein N-glycosylation, OT must bind to the
donor and acceptor substrate, cleave and transfer the large oli-
gosaccharide group from the dolicholpyrophosphate to the poly-
peptide, and catalyze the formation of a covalent bond between
the oligosaccharide and the Asn of the -N-X-S/T- sequon of the
polypeptide. Clearly detailed structural information of OT is re-
quired to understand how this series of events is coordinated.
We recently developed a one-step purification procedure for
OT with FLAG-tagged Ost4p (Figure 1) (Chavan et al., 2006).
OT had an apparent mass of 500 kDa in blue native gel, and
exhibited a two-fold-like symmetry in some of the negatively
stained electron microscopy (EM) images, raising the possibility
that two OTs might associate to form a dimer (Chavan et al.,
2006).
We further investigated this issue by determining the absolute
mass of OT by using scanning transmission electron microscopy
(STEM). We present a 12 A˚ resolution cryo-EM structure of OT.
To aid in the interpretation of the structure, we genetically fused
a maltose-binding protein (MBP) to the C termini of four essential
subunits (Ost1p, Stt3p, Swp1p, and Wbp1p), one subunit at
a time, to generate four MBP-fused OTs. The MBP mapping re-
sults enabled us to orient the structure with respect to the ER
membrane and to relate the observed density features to some
of the OT subunits. On the basis of the new structural information
and the existing biochemical knowledge, we propose a molecu-
lar mechanism for N-glycosylation by OT.reserved
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Preparation of the MBP-Fused OTs
On the basis of our previous study (Chavan et al., 2006), we
utilized the OST4-FLAG3-tagged strain LY510, which lacks epi-
topes on the Ost3p and Ost6p. In addition, we utilized four other
strains in the OST4-FLAG3 background, in which one essential
gene—Ost1p, Wbp1p, Swp1p, or Stt3p—was MBP tagged on
its respective C terminus. The presence of the MBP-tagged sub-
units in the OT preparations was confirmed by SDS-PAGE and
western blot analysis using the anti-MBP antibody (Figure 2A).
Western blot analysis of the purified OT preparation using poly-
clonal antisera against the respective subunit indicated that the
subunits tagged with MBP migrate slower than do their untagged
counterparts, as expected (Figure 2A). All four OT preparations
from the strains LY511–514 were found to exhibit OT activity
comparable to that of the background strain (LY510). The aver-
age activity was 15,402 ± 1,628 counts per minute (cpm) for
OT, 15,861 ± 762 cpm for OT_Ost1p-MBP, 15,912 ± 1,918 cpm
for OT_Swp1p-MBP, 15,728 ± 698 cpm for OT_Stt3p-MBP, and
15,868 ± 712 cpm for OT_Wbp1p-MBP (Figure 2B).
Subunit Mapping by Negative Stain EM
of the MBP-Fused OTs
OT and the MBP-fused OTs were homogeneous particles with
virtually the same size range of 8–12 nm when examined in elec-
tron micrographs of the negatively stained samples (see
Figure S1 in the Supplemental Data available with this article on-
line). For each OT specimen, over 10,000 particle images were
recorded (Table S1). We performed reference-free 2D classifica-
tion on the five raw data sets. Typical views from the five prepa-
rations demonstrated that the overall structural features were
essentially the same, indicating that the presence of MBP did
not alter the structure of OT. This is consistent with the fact
that the MBP-fused OTs had in vitro OT activity indistinguishable
from that of the untagged OT (Figure 2B). However, extra density
peaks were observed in several class averages from samples
containing the MBP fusion proteins. These extra densities were
also observed in the raw particle images from the MBP-fused
OT samples. There was no such additional density in the raw par-
Figure 1. Subunit Composition and Fusion Tags of OTs
The transmembrane a helices, lumenal or cytosolic locations of the N or C
terminus of each subunit, and the N-glycosylation sites are diagrammed in
the figure. The C termini of Ost1p, Stt3p, Swp1p, or Wbp1p were fused to
MBP, one subunit at a time, for OT orientation with respect to the membrane
and subunit mapping.Structure 1ticles of the OT without MBP fusion (Figure S1). We selected
three distinctive side views for the purpose of comparison
(Figure 2C). The class averages were oriented such that the
bilobed high-density area, which obviously corresponds to the
transmembrane (TM) domains of OT, is horizontal. Parallel
dashed lines are drawn to the right of the panel to guide further
analysis. As seen in the three views of the untagged OT, the
lower side of the TM domain is smooth, but the upper side has
extensive structural features. Large lumenal domains are present
in Ost1p, Stt3p, and Wbp1p (Figure 1; Kelleher and Gilmore,
2006; Yan and Lennarz, 2005). This suggests that the upper
side in the OT class images represents the lumenal domains
and the lower side the cytosolic regions.
Compared with the images of untagged OT, an extra density
(as indicated by an arrow in Figure 2C) is present in the middle re-
gion below the TM domain in all three views of OT with MBP fused
to the C terminus of Ost1p (OT_Ost1p-MBP). Because the C ter-
minus of Ost1p is known to be cytosolic (Crimaudo et al., 1987;
Silberstein et al., 1995), this observation of MBP at the lower
side of the TM domain confirms the above assignment of the
lower side as cytosolic. The coincidence of MBP density at the
same middle position in all three views suggests that Ost1p is
at the center of the OT structure. In two of the three views of
OT_Stt3p-MBP, extra density is observed on the lumenal side
3 nm above the TM region. Stt3p is known to have a lumenal
C-terminal domain that contains the catalytic site (Figure 1; Yan
and Lennarz, 2002; Zufferey et al., 1995). The lumenal MBP loca-
tion in OT_Stt3p-MBP again supports the presumed orientation
of OT. The presence of an MBP density in all three views in the
middle area below the TM region of the OT_Swp1p-MBP com-
plex is shown in Figure 2C. Swp1p was shown to have a cytosolic
C terminus (Figure 1; Crimaudo et al., 1987). The fact that the
MBP location is similar to that of Ost1p indicates that Swp1p, to-
gether with Ost1p, forms the core of the OT structure at the cyto-
plasmic side of the membrane. Three views of OT_Wbp1p-MBP
in which the MBP density is observed in two of the three views at
the cytosolic side are also shown in Figure 2C. This finding again
is consistent with the cytosolic location of the C terminus of
Wbp1p (Fu and Kreibich, 2000; Gaynor et al., 1994). In contrast
to OT_Ost1p-MBP and OT_Swp1p-MBP, the MBP density in
OT_Wbp1p-MBP is located on the side away from the center,
suggesting that Wbp1p is at the periphery of OT.
Our results, with the bilobed high-density region assigned as
the TM domain, the smooth surface below the TM domain
assigned as cytoplasmic, and the multiple domains facing the lu-
menal side of OT, are remarkably consistent with the previous
biochemical localization of the N and C termini of several OT sub-
units (Figure 1; Yan and Lennarz, 2005). We note that our MBP
fusion approach eliminates the occupancy problem encountered
in the traditional antibody- or heavy metal cluster-labeling
methods, resulting in unambiguous mapping in the 2D averages
or in the 3D reconstructions. Thus, the MBP fusion approach can
be used routinely in the cryo-EM community.
Mapping Four Essential Subunits onto
the Low-Resolution 3D Structure of OT
Next, we reconstructed a 3D map for each of the five data sets.
Multiple starting models were generated initially from 2D class
averages for subsequent refinement. One model was eventually6, 432–440, March 2008 ª2008 Elsevier Ltd All rights reserved 433
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jections and the corresponding raw particle images and on the
basis of the 2D class averages, most of which were not used
for calculating the starting model (Figure S2). The random coni-
cal tilt method yielded similar starting models (data not shown).
Figure 3A shows the surface rendering of the 3D map of OT. In
agreement with that observed in the 2D class averages, the 3D
map reveals a large high-density TM region, a smooth cytosolic
surface, and three lumenal structures labeled as a, b, and g, re-
spectively. In our previous study, we used an OT preparation that
contained long 13 repeats of the Myc-tag in Ost6p (Chavan et al.,
2006). It is likely that the multiple flexible Myc-tags, predicted to
be located on the lumenal side (Figure 1), interfered with image
classification and reconstruction such that the lumenal structural
features were obscured (Chavan et al., 2006).434 Structure 16, 432–440, March 2008 ª2008 Elsevier Ltd All rights reservedFigure 2. Subunit Mapping by the MBP
Fusion Strategy
(A) Purified OT preparations (2 ml) from strains
LY510–514 were subjected to SDS-PAGE and
western blotting by using polyclonal antibodies
against MBP, Swp1p, Wbp1p, Ost1p, and Stt3p,
respectively.
(B) The MBP-fused OTs are enzymatically active.
The purified OT preparations (10 ml) were used in
an OT activity assay using labeled peptide sub-
strate as described in Experimental Procedures.
The results are graphically represented as cpm
of radioactivity.
(C) Identifying MBP densities in the 2D class aver-
ages of the MBP-fused OTs by comparison of
three typical side views of the OT complexes with-
out or with MBP fusion on subunit Ost1p, Stt3p,
Swp1p, or Wbp1p, respectively. These averaged
views are obtained from reference-free image
classification. The dense, bilobed density is as-
signed as the transmembrane region, and the
smooth bottom region is assigned as cytoplasmic,
as diagrammed in the right panel. Each extra den-
sity in the views of the MBP-fused OTs is marked
by a white arrow and is attributed to the 40 kDa
MBP. The lumenal or cytosolic locations of the
MBP in the four OTs are consistent with the known
C-terminal locations of their corresponding fused
subunits, which are illustrated in the right panels.
The 3D maps for the four MBP-fused
OTs all had a nominal resolution of 13 A˚
(Figure S3); however, the structural
details of the maps were resolved to ap-
proximately 20 A˚ because of the granular-
ity of the stain salt. Figure S4 and Movie
S1 show a comparison of 3D maps of
the five OTs. The EM maps reveal virtually
the same overall structure, in agreement
with the facts that all MBP-fused OTs
are enzymatically active and that all five
OTs have similar 2D class averages. The
overall similarity of the five independently
determined structures provides further
validation to our models. We expected
that the MBP was a flexible protein andthat we would not be able to visualize it in 3D reconstructions.
To our surprise, the MBP density was observed in two of the
four MBP-fused OTs—that is, in the maps of OT_Ost1p-MBP
and OT_Swp1p-MBP (Figure S4). The MBP density was present
even if the OT map without MBP was used as the starting model,
or if the MBP density was manually removed from the maps of
OT_Ost1p-MBP and OT_Swp1p-MBP and the artificial models
were used to refine the OT_Ost1p-MBP data or OT_Swp1p-
MBP data, respectively. This verifies that the density attributed
to MBP is not a reconstruction or stain artifact. The MBP densi-
ties of OT_Ost1-MBP and OT_Swp1p-MBP are both at a similar
position in the middle of the cytosolic surfaces. Perhaps the MBP
was stabilized by the stain salt and by its interaction with the
carbon film substrate. On the basis of the MBP locations in
the 2D class averages (Figure 2C) and in 3D maps (Figure S4),
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lighted in the 3D map of OT, as shown in Figure 3B. The C termi-
nus of Stt3p, in yellow, is at the tip of the lumenal density g (left
panel). The C termini of Ost1p and Swp1p are colored in red and
green, respectively, as shown in the bottom view (cytosolic sur-
face) in the right panel of Figure 3B. The close proximity of Ost1p
and Swp1p at the cytosolic side of the ER membrane agrees with
biochemical evidence showing interaction between the soluble
lumenal domains of Ost1p and Swp1p (Dempski and Imperiali,
2004). The approximate location of the C terminus of Wbp1p,
Figure 3. Mapping Subunit Locations in the Low-Resolution 3D
Structure of OT
(A) The 20 A˚ resolution 3D map of OT by negative stain EM. The map is surface
rendered at a threshold that includes 90% of the expected mass and is shown
in top, bottom, and four side views. Three prominent structural features on the
lumenal side are labeled with a, b, and g, respectively.
(B) The locations of the C termini of Ost1p, Stt3p, Swp1p, and Wbp1p are map-
ped onto the OT 3D structure in red, yellow, green, and white, respectively.
(C) Assuming the subunits roughly maintain their vertical (across membrane)
locations, the cytosolic positions of Ost1p and Wbp1p are extended across
the membrane (i.e., the central b density is assigned to the lumenal domain
of Ost1p) and the peripheral a density to the lumenal domain of Wbp1p. This
assignment is consistent with the knowledge that Ost1p and Wbp1p have siz-
able lumenal domains. The large C-terminal lumenal domain of Stt3p is colored
in yellow.Structure 1based on two perpendicular side views (Figure 2C), is colored
white in Figure 3B.
Assuming that OT subunits maintain their approximately verti-
cal locations across the lipid membrane, we propose that the
density peak a, immediately above the cytosolic C-terminal loca-
tion of Wbp1p, is the lumenal domain of Wbp1p, and as such the
density a is also colored white in Figure 3C. Similarly, the central
lumenal density b is assigned to Ost1p and colored red (Fig-
ure 3C). We did not assign a lumenal feature to Swp1p because
Swp1p was not predicted to have a sizable lumenal domain
(Figure 1). We further attribute the platform-like region, which
is 3 nm above the membrane bilayer and is connected to the
C terminus of the Stt3p, to the predicted large C-terminal domain
of Stt3p that contains the catalytic site (colored yellow in
Figure 3C). This assignment agrees with the biochemical knowl-
edge that N-glycosylation does not occur at any lumenal site
closer than 10 amino acids (which translates to 3 nm) from
the TM segments (Nilsson and von Heijne, 1993).
The Digitonin-Solubilized OT Has a Measured Mass
of 360 kDa
Often, the oligomeric state of a membrane protein or a membrane
protein complex is notoriously difficult to determine. For example,
the translocon was reported by various biochemical and biophys-
ical studies to have a monomeric (Van den Berg et al., 2004),
dimeric (Bessonneau et al., 2002; Breyton et al., 2002; Mitra
et al., 2005; Osborne and Rapoport, 2007), or tetrameric state
(Hanein et al., 1996; Manting et al., 2000; Menetret et al., 2005).
In the case of OT, we previously demonstrated coimmunopreci-
pitation between the Myc-tagged and the HA-tagged OTs (Cha-
van et al., 2006). We also observed a bilobed two-fold-like struc-
tural feature—that is, in the images of the new OT preparations
the left side was similar to the right side in the side views
(Figure 2C). These observations are suggestive of a dimer. How-
ever, if OT were indeed dimeric, we should observe two MBP den-
sities in at least some of the raw images or in 2D class averages of
the four MBP-fused OTs. Because the presence of two MBP den-
sities was never observed (Figure 2C and Figures S1 and S2), we
decided to revisit the oligomerization issue of the OT by perform-
ing STEM mass measurements. Figure 4A shows a cryo-STEM
image of the purified and digitonin-solubilized OT_Ost1p-MBP.
We found that, among the five available OTs (OT and four MBP-
fused OTs), OT _Ost1p-MBP was most homogeneous and had
best contrast on the unstained cryo-EM and cryo-STEM grids.
Therefore, the subsequent mass measurement and cryo-EM
structure determination were performed with this sample. We
manually selected nondiscriminatively all 2400 particles con-
tained in 64 STEM images for mass measurement. The measured
masses, binned in 50 kDa increments, were plotted against the
occurrence of the particles (Figure 4B). The mean of the mass is
450 kDa, with a standard deviation of 100 kDa and a standard
error from the mean of 2 kDa. The standard deviation, at 22%
of the mean mass, is two times higher than expected for a soluble
protein complex at this size range (Lee et al., 2003; Parsell et al.,
1994). The wider mass distribution might reflect the variation in
the number of detergents or residual lipid molecules surrounding
the hydrophobic region of OT. Furthermore, we note that,
although most OTs are round particles, 9 nm in size, 10% of
the particles are elongated, apparently formed by two individual6, 432–440, March 2008 ª2008 Elsevier Ltd All rights reserved 435
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marked by dashed red ellipses in Figure 4A. The heterogeneity
might have contributed to the observed wide mass distribution
and skewed the averaged mass toward a higher value. Excluding
the elongated dimer-like particles, the averaged mass is esti-
mated to be 400 kDa. After subtraction of 40 kDa for the mass
of MBP, we arrive at a mass of 360 kDa, which is too low for
a dimer; the calculated total protein mass for a monomeric OT,
assuming one copy of each subunit, is 250 kDa. The remaining
difference of110 kDa between the measured and the calculated
masses of the monomeric OT can be attributed to detergents and
lipid molecules surrounding the OT particle and to the nine oligo-
saccharide chains on the three glycosylated subunits (see Fig-
ure 1). We thus suggest that digitonin-solubilized OT is mono-
meric. This observation does not preclude the possibility that
OT forms a dimer in the ER, where OT interacts with ribosomes
and the translocon. Our observation that a small fraction of OTs
tend to aggregate might explain our earlier observed coimmuno-
precipitation of the components of OT (Chavan et al., 2006).
Figure 4. STEM Mass Measurements of OT_Ost1p-MBP
(A) A large-angle dark-field cryo-STEM image of the freeze-dried OT_Ost1p-
MBP particles adsorbed to a thin layer of continuous carbon film (2 nm thick).
The image was recorded in the low-dose condition (10 e/A˚2) at 145C, with
a focused electron beam (5 A˚) accelerated to 40 kV. Scattering from the carbon
substrate was removed by background subtraction.
(B) A histogram of the measured masses of the 2400 OT_Ost1p-MBP particles.
The mean mass is 450 kDa, with a standard deviation of 100 kDa and a stan-
dard error of the mean of 2 kDa (see text).436 Structure 16, 432–440, March 2008 ª2008 Elsevier Ltd All rightsThe Structure of OT at 12 A˚ Resolution Deduced
by Cryo-EM
The OT_Ost1p-MBP preparation revealed the most evenly dis-
tributed particles in EM images when embedded in vitreous ice
(Figure 5A). On the basis of the size range (8–12 nm) and contrast
of each particle, we manually selected 20,000 particle images
for 3D reconstruction (Table S1). Reference-free 2D classifica-
tion was performed on the contrast transfer function (CTF)
corrected and low-pass filtered images. The class averages
revealed structural features compatible with the negative stain
EM reconstructions (the right panel in Figure 5A). The 3D recon-
struction of cryo-images was progressively improved by multiple
refinement iterations and finally by correction of the amplitude
contribution of the CTF effect. The refinement was continued
until convergence. The final reconstruction had an estimated
resolution of 12 A˚ (Figure 5B and Movie S2).
Figure 6A shows a surface rendering of the 3D map of the
OT_Ost1p-MBP. The overall dimensions, 11 nm high and
8 nm by 9 nm in plane, are similar to those of the negatively
stained OT structure (Figures 3 and 6B). A cross-section parallel
to the membrane plane at the TM region of the cryo-EM map has
an area of 70 nm2. This area could reasonably accommodate
the predicted 30 TMHs of the nine OT subunits, but the area is
Figure 5. Cryo-EM of OT_Ost1p-MBP
(A) The left panel shows a typical area of a cryo-EM image recorded at an
under-focus value of 3 mm with an electron beam of 200 kV. The right panel
displays 8 selected 2D class averages.
(B) Fourier shell correlation curve of the refined 3D map suggests a resolution
of 12 A˚ at the threshold of 0.5.reserved
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supercomplex. In comparison, the aquaporin-1 tetramer had
in-plane dimensions of 7.1 nm by 7.1 nm and a horizontal section
of 50 nm2 at the TM region. This region is tightly packed with
24 a helices of the tetramer (Li et al., 1997; Sui et al., 2001). By
extrapolation, the predicted 30 TMHs in OT would require an
area of 65 nm2, a value close to the observed 70 nm2. There-
fore, the physical dimension of OT lends further support to our
conclusion that OT is monomeric when solubilized in digitonin.
Although the MBP density was clearly observed in the nega-
tively stained OT_Ost1p-MBP map (Figure S4), the MBP density
is lower than the threshold used for surface rendering in the
higher resolution cryo-structure (Figure 6A). It is known that the
flexible region loses density as the resolution of the structure
improves. However, consistent with the negatively stained struc-
ture, the cryo-structure of OT has a relatively smooth cytoplas-
mic surface and a transmembrane region more densely packed
than the large lumenal region. On the basis of correspondence
with the negatively stained structure of OT (Figure 6B), the iden-
tities of several regions in the cryo-structure, such as the TM
region and the lumenal domains of Ost1p, Wbp1p, and Stt3p,
are labeled and highlighted in different colors. The most notable
feature in the negatively stained and the cryo-EM structures is
a long and continuous low-density groove, approximately in par-
allel to the membrane, that runs across the lumenal region of the
complex, as shown by a red dashed curve in Figures 6A and B.
The groove is situated between the lumenal domains of Ost1p,
Wbp1p, and Stt3p. The exact width of this groove could not be
determined because of the low resolution of the EM maps; how-
ever, the groove appears to be wide enough for threading and
scanning the unfolded nascent polypeptide chain. Other signifi-
cant features are the shifted lumenal domains of Ost1p and
Wbp1p in the cryo-EM structure (Figure 6A), compared with
the negatively stained structure (Figure 6B). We confirmed that
this density shift was reproducible when tested with differentStructure 1starting models. Thus, the lumenal domains of Ost1p and
Wbp1p appear to be dynamic, and their resting positions are
revealed only in the cryo-EM map. Similar to the MBP density ob-
served in the negatively stained structure of OT_Ost1p-MBP, the
outwardly extended positions of the Ost1p and Wbp1p lumenal
domains might be a result of their interactions with the carbon
substrate and of the fixation by the uranyl salt. Therefore, the
observed positional differences of the lumenal Ost1p and
Wbp1p domains in the cryo-EM and the negatively stained EM
maps probably resulted from different specimen preparation
methods. Nevertheless, the observed domain shifts may reflect
a dynamic nature of the lumenal domains of Ost1p and Wbp1p.
A Potential Molecular Mechanism for OT
We propose that the observed groove roughly in parallel to the ER
membrane (Figure 6) functions as a tunnel through which the na-
scent polypeptide threads during cotranslational glycosylation
(Figure 7). This proposal is supported by the results of a biochem-
ical experiment indicating that OT active site is oriented in parallel
to the membrane (Nilsson and von Heijne, 1993). We further pro-
pose that the catalytic site on Stt3p is close to the junction formed
by the lumenal domains of Stt3p, Ost1p, and Wbp1p, as shown in
Figure 7. The placement of the catalytic site near Ost1p and
Wbp1p is supported by the results of an insightful biochemical
experiment (Bause et al., 1997). By using a modified glycosyla-
tion triplet in which the threonine was substituted with epoxye-
thylglycine, the authors demonstrated that both Ost1p and
Wbp1p were labeled by the acceptor hexapeptide and by the
donor oligosaccharide. With such a structural arrangement, the
peripherally located Wbp1p explores the lipid milieu for the oligo-
saccharide lipid with its predicted GIFT domain, which is believed
to recognize carbohydrate chains (Beatson and Ponting, 2004).
Ost1p scans for the -N-X-S/T- sequon as the polypeptide
threads through the groove (Yan et al., 1999). Once a sequon is
detected, the oligosaccharide bound to Wbp1p is transferredFigure 6. Three-Dimensional Cryo-EM Map
of OT_Ost1p-MBP
(A) Surface views of the cryo-EM 3D map rendered
at a threshold including the expected protein mass
of OT.
(B) Three corresponding views of the negatively
stained 3D map are shown to facilitate compari-
son. Approximate subunit locations derived from
MBP fusion complexes are indicated on the
map: Ost1p, red; Stt3p, yellow; Swp1p, green;
and Wbp1p, white. The overall dimensions and
major structural features in the cryo-map are con-
sistent with the negatively stained map. However,
the lumenal domains of Ost1p and Wbp1p are
shifted as indicated by black arrows. There is
a groove between the lumenal domains of Stt3p,
Wbp1p, and Ost1p (dashed red curve in the top
views) that is approximately parallel to the ER
membrane. The floor of the groove is painted
blue in panel (A).6, 432–440, March 2008 ª2008 Elsevier Ltd All rights reserved 437
Structure
Cryo-EM Structure of the OT Complexonto the Asn of the sequon of the nascent polypeptide. Peptide
threading can enhance the detection efficiency for the glycosyl-
ation sequon (Yan et al., 1999), and this mechanism might explain
the fact that most sequons are actually glycosylated.
In summary, we have shown that the systematic MBP fusion
strategy can be a robust and effective approach for subunit map-
ping in molecular microscopy. The physical size and the mass of
digitonin-solubilized OT are consistent with a monomeric com-
plex of its eight subunits. Our EM studies provide the first struc-
tural insights into the molecular mechanism for OT. OT physically
associates with translocon and ribosome, forming an efficient
three-machine assembly line for protein translation, transloca-
tion, and N-glycosylation. Although the dynamic nature of ribo-
some and translocon is well known (Johnson and van Waes,
1999; Mitra and Frank, 2006), the structure and dynamics of
OT have only begun to be elucidated.
EXPERIMENTAL PROCEDURES
Materials
Standard yeast media were used. T4 DNA ligase and shrimp alkaline phospha-
tase were obtained from Roche Diagnostics (Indianapolis, IN). Restriction en-
zymes and primers were obtained from Invitrogen (San Diego, CA). Horserad-
ish peroxidase (HRP)-labeled anti-rabbit IgG raised in goat was obtained from
Chemicon International (Temecula, CA). Pfu polymerase was obtained from
Stratagene (La Jolla, California). Nitrocellulose membrane was obtained
from Schleicher and Schull (Keene, NH). Anti-FLAG (M2) affinity gel, affinity-
purified monoclonal anti-FLAG antibody, and 3X FLAG peptide were obtained
from Sigma (St. Louis, Missouri). Zymolyase 20T was obtained from Seikagaku
Corporation (Tokyo, Japan). Highly purified digitonin was obtained from Cal-
biochem (San Diego, CA). Concanavalin A (ConA) beads were obtained from
Amersham Pharmacia Biotech (Uppsala, Sweden). Protein estimation was
performed using the BCA protein estimation kit from Pierce (Rockford, IL).
The lithium acetate protocol was used for all yeast transformations (Elble,
1992). Blue native gel electrophoresis was performed as described earlier (Shi-
batani et al., 2005), using a modification of a previously described protocol
(Schagger and von Jagow, 1991). Dolichol-P-P-oligosaccharide was prepared
from microsomes of wild-type cells by using published protocols (Kelleher
et al., 2001; Rosner et al., 1982) and was quantitated by the phenol-sulphuric
Figure 7. A Peptide-Threading Mechanism for OT
OT is illustrated in its top (lumenal) view. The red thunderbolt sign on Stt3 near
the junction of the lumenal domains of Stt3 (yellow), Ost1 (red), and Wbp1
(green) represents the possible position of the catalytic site. The pink curve
represents an unfolded nascent polypeptide chain threading through the
lumenal groove. An oligosaccharide depicted in gray is being added to the
peptide at the catalytic center. See text for details.438 Structure 16, 432–440, March 2008 ª2008 Elsevier Ltd All rightsacid assay. Silver staining of blue native gels and SDS-PAGE was performed
as described elsewhere (Blum et al., 1987).
Strain Preparation
Plasmid pFA6a-MBP-HisMX6 was generated by polymerase chain reaction
(PCR) amplification of the mbp gene from the pMALC2X plasmid (kindly pro-
vided by Bruce Stillman at Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY). The MBP PCR product was digested using the BamH1 and HinDIII
restriction enzymes and was ligated into a pFA6a-HISMX6 plasmid, which
was also digested using the same two enzymes. The MBP-tagging of the chro-
mosomal copies of Stt3p, Wbp1p, Swp1p, and Ost1p was performed with the
plasmid pFA6a-MBP-HISMX6 by using a one-step, PCR-mediated protocol,
as described elsewhere (Longtine et al., 1998). LY1 (W303) strain was first
transformed with Ost4-FLAG PCR product, which was obtained using
p3FLAG-KANMX6, as described elsewhere (Gelbart et al., 2001). The colonies
were selected on kanamycin (G418) plates. The expression of FLAG-tagged
Ost4p was confirmed by SDS-PAGE and western blotting. The resultant strain,
LY510 (W303 OST4::FLAG3-KANMX6), was used as the recipient strain for
transformation of the OST1-MBP, SWP1-MBP, STT3-MBP, or WBP1-MBP
PCR products that were generated as described earlier. The colonies were
selected on His plates, and the integration was confirmed by colony PCR.
The expression of epitope-tagged protein was confirmed by SDS/PAGE and
western blot analysis. The resulting strains—LY510 (W303 OST4::FLAG3-
KANMX6), LY511 (W303 OST4::FLAG3-KANMX6 OST1::MBP-HISMX6),
LY512 (W303 OST4::FLAG3-KANMX6 STT3::MBP-HISMX6), LY513 (W303
OST4::FLAG3-KANMX6 WBP1::MBP-HISMX6), and LY514 (W303 OST4::
FLAG3-KANMX6 SWP1::MBPHISMX6)—were used for purification of OTs.
Purification of OT and the MBP-Fused OTs
Yeast microsomes from strain LY510-514 (MATa ura3-52 leu2-D1 lys2-801
ade2-101 trp1-D1 his3-D200 OST4::FLAG3-G418 OT::MBP-HISMX6) were
prepared as described elsewhere, except that DTT was completely eliminated
from the protocol (Kelleher and Gilmore, 1994). The protocol used for purifica-
tion of OT has been described elsewhere (Chavan et al., 2006).
OT Activity Assay
The OT activity assay was performed as described elsewhere (Roos et al.,
1994), except that a different peptide probe, [3H]Ac-Asn-Bpa-Thr-Amide,
was used instead of [125I]-Bh-Asn-Lys(BzN3)-Thr-NH2. Ten microliters each
of the purified OT preparations was used in the OT activity assay, as described
elsewhere (Chavan et al., 2006). The assay is described briefly here. A probe
solution comprising 2.5 ml of 50 mM Tris$HCl (pH 7.4), 2.5 ml of 1M MnCl2,
and 0.1 ml of (5 mCi/ml) probe per reaction was prepared. Ten microliters of
the purified OT preparation was mixed with 250 ml of 50 mM Tris$HCl buffer
(pH 7.4). This dilution lowered the concentration of digitonin to 0.008%. This
was mixed with 5 ml of probe solution and 5 pmols of Dol-P-P-oligosaccharide.
The mixed solution was incubated for 30 min at room temperature. The reac-
tion was terminated by adding 500 ml of 50% slurry of ConA beads. The solu-
tion was further incubated for 2 hr at room temperature. The beads were
washed 3 times with 10-fold excess Tris buffer. After the last wash, the super-
natant was decanted, 5 ml of scintillation fluid was added to the beads, and
radioactivity bound to the beads was measured using a scintillation counter.
Negative Stain and Cryo-Electron Microscopy
For the negative staining, a 4.5 ml drop of sample containing the purified OT
complex was applied to a glow-discharged 300-mesh copper grid covered
with a thin layer of carbon film. After removing the excess solution by blotting
with filter paper, the sample grid was stained by using two 4.5 ml drops of
2% (w/v) uranyl acetate solution. Excess stain was removed by blotting, and
the grids were quickly dried by argon flow after final blotting. Images were re-
corded under low-dose conditions (10 e/A˚2) in a JEOL JEM 1200EX electron
microscope operating at 120 kV at a magnification of 50,0003 and an under-
focus of 1.2–1.5 mm. The regions where the OT particles were fully embedded
in stains, determined by the absence of a dark stain accumulation ring around
each particle, were selected with a charge-coupled device camera before re-
cording the images on film. For samples embedded in vitreous ice, OT samples
were applied to a quantifoil grid and rapidly frozen with liquid ethane in a Vitro-
bot after blotting off excess fluid. Frozen-hydrated samples were imaged inreserved
Structure
Cryo-EM Structure of the OT Complexa JEOL 2010F electron microscope operating at 200 kV at a magnification of
50,0003 and an underfocus value of 1.2–3.5 mm. All images were recorded
on Kodak SO-163 negative films, and the films were developed for 12 min
with full-strength Kodak D-19 developer at 20C. Micrographs were inspected
with an optical diffraction apparatus, and only the micrographs without drift
and astigmatism were further processed. The micrographs were digitized
with a Nikon Supercool scanner 8000ED at a step size of 12.7 mm, correspond-
ing to a pixel size of 2.54 A˚ at the sample level.
STEM Mass Measurements
STEM was performed in the Brookhaven National Laboratory (Upton, NY)
STEM user facility. Samples were prepared in a dilution series in OT purifica-
tion buffer containing 0.1% digitonin. Tobacco mosaic virus (TMV) was in-
cluded during specimen preparation as an internal quality control. We selected
all 2400 particles from 64 cryo-STEM images and measured their masses after
background subtraction with the program PCMASS. The mean and standard
deviation of the mass were then calculated. Details of STEM operation and
mass analysis were as described elsewhere (Wall and Simon, 2001).
2D Image Classification and 3D Image Reconstruction
Image processing was performed using software packages EMAN (Ludtke
et al., 1999) and Spider (Frank et al., 1996). The cryo-particles and the nega-
tively stained particles were picked manually or semiautomatically, respec-
tively, from the scanned images using the box size of 88 3 88 pixels. We first
calculated the parameters of the CTF for each micrograph, and these param-
eters were used for the CTF correction of all particle images selected from the
micrograph. The underfocus value of the negatively stained images and the
cryo-images were in the range of 1.2–1.5 mm and 1.2–3.5 mm, respectively.
The total numbers of the particles used for both the 2D classification and 3D
reconstruction for each of the five different OT samples are listed in Table
S1. We anticipated that the MBP fused onto OT might be flexible and that it
might thus be problematic to visualize them in the 3D reconstructions. We
therefore aimed initially for detecting MBP density in the 2D class averages.
We normalized and centered the particle images, masked the particles with
a radius of 40 pixels, and performed the multivariate statistical analysis on
the original particles and on the low-pass-filtered particles (15 A˚ and 20 A˚
cut-off). The centered particles were classified into 70–100 classes (depending
on the data set) using the python script 2drefine in EMAN. Stable class aver-
ages were reached after nine iterations of refinement.
The 3D structures of both the negatively stained and the vitrified OT particles
were reconstructed in EMAN. Multiple initial 3D models were calculated from
different selections of the reference-free 2D class averages, on the basis of the
common line method (Penczek et al., 1996). Selection of the class averages
was based on the structural features and their corresponding variance
maps. The models were refined in a projection-matching procedure to pro-
duce the refined maps. The models were carefully evaluated by comparing
their reprojections with the reference-free 2D class averages. The model
that showed the best agreement between the 2D class averages and the re-
projections was selected for final refinement. The starting models obtained
from the random conical tilt method (Radermacher et al., 1987) had similar di-
mensions and structural features. This data set contained 5754 pairs of stained
OT-Stt3_MBP particles tilted at 0 and 45 (data not shown). The negatively
stained 3D reconstructions were used as starting models for refinement and
3D reconstruction of the cryo-images. Initial refinement was conducted on
particles that were Gaussian low-pass-filtered to 25 A˚ resolution. Further re-
finement was performed with unfiltered particles. The angular step size was re-
duced gradually from the initial 12 to the final 3. The CTF correction was
turned on during the final rounds of refinement. The resolution of the resultant
maps was estimated by Fourier shell correlation of two maps calculated
separately from two halves of the data set. The maps were low-pass-filtered
to the estimated resolution and rendered into surface views and displayed in
Chimera (Pettersen et al., 2004).
SUPPLEMENTAL DATA
Supplemental Data include four figures, one table, and two movies and can be
found with this article online at http://www.structure.org/cgi/content/full/16/3/
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